The Maunder Minimum (MM) was a prolonged period of low solar activity that occurred between 1645 and 1715. The true level of solar activity corresponding to this epoch is still a matter of debate. In order to compare solar activity during the MM with that of other epochs, we have evaluated the umbra-penumbra area ratio (U/P hereafter) during the MM. Thus, we have analyzed 196 sunspot drawings including 48 different sunspots observed during the period 1660-1709. The mode value of the ratio obtained from the occurrence frequency distribution lies between 0.15 and 0.25. Furthermore, the median and mean values are equal to 0.24 ± 0.07 and 0.27 ± 0.08 with a sigma clipping, respectively. These results are consistent with recent research using more modern data. Higher U/P values mean faster sunspot decay rates. From our results, the almost absence of sunspots during the Maunder Minimum could not be explained by changes in the U/P since the values of the ratio obtained in this work are similar to values found for other epochs.
Introduction
Astronomers Gustav Spörer and Edward Maunder pointed out that during the end of the 17th century and the beginning of the 18th century, very few sunspots were seen on the Sun (Maunder, 1890; Spörer, 1887) . Eddy (1976) reexamined the records available for that epoch and concluded that this 70-year period (1645 -1715) was characterized by a prolonged period of low solar activity. This phenomenon is known as the Maunder Minimum (MM) and it is the only grand minimum of solar activity registered by direct telescopic observations.
Other studies published after the benchmark article by Eddy (1976) have provided new information about the MM. Ribes & Nesme-Ribes (1993) built a latitude-time "butterfly" diagram of sunspot occurrence for the MM showing a strong hemispheric asymmetry since sunspots were generally observed in the southern hemisphere. Hoyt & Schatten (1998) recovered thousands of sunspot observations made during the MM, which were included in the construction of the group sunspot number index. Hoyt and Schatten's database has a good temporary coverage for the MM with at least one sunspot record available for more than 95% of days. However, most of these records were based on generic statements on the absence of spots during long periods (Vaquero et al., 2011) . It can also be seen in that database that sunspots were rarely observed during the MM without a visible 11-year solar cycle. Moreover, the transition between normal solar activity previous to the MM and low solar activity during the MM was sudden while the recovery from low to normal solar activity after the MM was gradual.
More recently, Vaquero et al. (2016) carried out a revision of the sunspot group numbers corresponding to the telescopic era, including new information about sunspot records for the MM.
Recent work has provided new knowledge about the MM. Vaquero et al. (2015) proposed a 9-year solar cycle during the MM using subsets of the sunspot group database compiled by Hoyt & Schatten (1998) . Moreover, Poluianov et al. (2014) exhibited a normal 11-year cycle from the reconstruction of solar activity according to cosmogenic isotope data in terrestrial archives. Vaquero et al. (2011) concluded, from new sunspot records and a review of some solar observations previously available, that the solar activity level corresponding to the two solar cycles before the beginning of the MM was overestimated. This result would imply a gradual transition from normal to low solar activity previous to the MM. Clette et al. (2014) demonstrated that the sunspot group database compiled by Hoyt & Schatten (1998) contains some problems due to several sunspot records that were obtained from solar meridian observations. Vaquero & Gallego (2014) , after analyzing a set of solar meridian observations (accompanied with notes about sunspots made at the Royal Observatory of the Spanish Navy, San Fernando, Spain) from the period 1833-1840, showed the solar activity obtained from this kind of record could be underestimated.
Comprehension of the characteristics of a grand minimum period such as the MM has great importance in several scientific fields to better understand long-term solar activity and its influence on the heliosphere or on Earth. Some recent analysis from cosmogenic isotope data proposed that the MM conditions could return within 50 years (Lockwood, 2010) . The level of solar activity during the MM is still a matter of debate. Hoyt & Schatten (1998) obtained a low solar activity level in their reconstruction of the group sunspot index. However, in recent work (Rek, 2013; Zolotova & Ponyavin, 2015) it has been proposed that the MM could be not a grand minimum period of solar activity but a secular minimum. For example, Zolotova & Ponyavin (2015) argued that the solar activity level during the MM could be underestimated because objects with irregular shapes on the solar surface could have been deliberately omitted in the textual reports. Zolotova & Ponyavin (2015) suggested that such omission can be caused by the dominant worldview of the 17 th century that sunspots (Sun's planets) are shadows from transits of unknown celestial bodies. However, Usoskin et al. (2015) identified serious errors in the study of Zolotova & Ponyavin (2015) and concluded that solar activity level was exceptionally low during the MM, rejecting the ideas of a moderate or high level of solar activity during the MM. Furthermore, Carrasco et al. (2015) and obtained low values for the solar activity level compatible with a grand minimum of solar activity from sunspot observations made by Hevelius and
Flamsteed during the MM. Hoyt & Schatten (1997) noted that the rate of sunspot decay is proportional to the convective velocity. They pointed out that higher convective velocities lead to higher values for the U/P and faster sunspot decay rates. Therefore, according to those statements, the ratio between the areas of the umbra and penumbra of sunspots is an indicator of sunspot decay rate and indirectly related to the solar irradiance variation (Hoyt & Schatten, 1997) . In one of the first studies of the U/P, Nicholson (1933) estimated its value as 0.21 using data from the Royal Greenwich Observatory. Waldmeier (1939) analysed some sunspot photographs taken by Wolfer obtaining a similar ratio but with values from 0.15 to 0.3 (increasing with the sunspot size).
Recently, Vaquero et al. (2005) found an average ratio of 0.255 from the de la Rue data belonging to the period 1862-1866. Hathaway (2013) showed that the penumbra-umbra ratio (inverse to the studied here U/P) increases from 5 to 6 as the sunspot group area increases from 100 to 2000 millionths of solar hemisphere from Royal Greenwich
Observatory records . Moreover, he showed that this ratio does not vary with the sunspot group latitude or the phase of the solar cycle but found a 100-year secular variation in the penumbra-umbra ratio for sunspot groups with area values lower than 100 millionths of solar hemisphere). Hathaway (2013) showed that the ratio values decreased smoothly from 7 in 1905 to lower than 3 around 1930 and then smoothly increased to 7 until 1961. However, the secular variation in the penumbra-umbra ratio for small sunspot groups was not confirmed by Carrasco et al. (2018) using the Coimbra sunspot catalogue.
The aim of this manuscript is to evaluate the U/P during the MM to check whether there are changes in this parameter with respect to that during other epochs. Thus, 196 drawings corresponding to 48 different sunspot groups performed during the MM have been analyzed. We present these observations in Section 2. An explanation of the methodology can be found in Section 3. Section 4 is devoted to showing the results, and the main conclusions are discussed in Section 5.
Data
We The images examined were extracted from 24 documents listed in Table 1 , which provides for each documentary source: i) the code that we assigned to that source, ii) the author of the sunspot drawings, iii) the observation period of the sunspots, and iv) the number of sunspots examined for that documentary source and author. We note that in the last case in Table 1 
Method
A software tool in OpenCV format has been developed in order to obtain the U/P from observations made during the Maunder Minimum (Figure 2 ). Several problems were encountered because some images were very small, of poor quality, noisy and/or the sheets presented unbalanced whites. However, we have been able to extract, using different combinations of algorithms and parameters, the significant contours of umbra and penumbra.
The images were processed with different algorithms for smoothing, thresholding, morphological, filling, size variation, sampling, etc. For example, the smoothing allows to reduce the noise, eliminate imperfections of the image and outline contours of the umbra and penumbra. Thresholding binarizes the image, that is, represents it with two colors, for example, black and white. Morphological algorithms eliminate imperfections and noise of the images taking into account the shape and structure of the image.
Sampling of images is a technique that provides help when the initial characteristics of the image are complicated due, for example, to very few or too many pixels in the image.
The main functions are: i) to upload images in png, jpg or bmp format, ii) to select among several kind of image filters and set the values of their parameters, iii) to execute an automatic application of consecutive filters, iv) to display of execution of the filters to check how each filter affects the input image, v) to change the image display to see the processed image or the significant contours of that image, vi) to display the contour information as area and perimeter, vii) to select maximum and minimum thresholds for the area of the contours in order to search appropriate contours, viii) to check the original image and final result with the contours found after executing the filters, xix) umbra and penumbra execution mode to select two sequences of different filters (one to obtain the umbra and the other for the penumbra), x) to save and load the filter sequences at any time, xi) to generate reports with the final information, xii) export the results to a different formats such as Word, PDF or Excel, and xiii) to set different parameters in the application as metadata relating to the sunspot from "user settings". Figure 2 . The main screen of the application created in order to obtain the U/P. The code assigned to this sunspot is MM_AS_01_01_01.
Results and Discussion

Discussion on the U/P during the Maunder Minimum and its comparison with
Debrecen Heliophysical Observatory data
In this work, we examined 196 sunspot drawings by 13 different authors in order to compute the U/P during the MM. Figure 3 shows the U/P ratio for all sunspot drawings analyzed. We note that, in this analysis, the following ratio values were not included: i) 
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(mean) values. These values are compatible within the error bars both median and mean values and, moreover, they agree with U/P obtained for other epochs (Vaquero et al., 2005) . On the other hand, the mode of the distribution using Debrecen data lie for ratio values between 0.15 and 0.2 while it is between 0.15 and 0.25 according to this work from sunspot observation during the MM. Figure 5 also shows a difference between both distributions. The distribution according to Debrecen data presents a greater frequency for low U/P values than the distribution obtained from MM records.
Furthermore, we apply the Student's t-test with a 95 % confidence interval in order to study the similarity of the distributions. The results of this statistical test is t = -7.36, pvalue < 0.001. According to the result, the absolute value of the calculated t-value is greater than the critical t-value (1.98) at 95 % confidence interval. Therefore, there is significant statistical difference between both distributions. Nevertheless, if we discard the U/P values lower than 0.1 in both distributions and consider a 99.9 % confidence interval, the obtained t-value (3.94) becomes close to the critical t-value of 3.36. This implies that the difference between both distributions can be largely explained by the natural observational bias towards larger sunspots observed in the MM observations.
Moreover, there are other factors that can contribute to the difference: i) low number of statistics in the MM distribution in comparison with the number of data in the DPD distribution; ii) differences in the instruments employed to observe (DPD has modern telescopes with a better resolution); iii) the observations in DPD were carried out by a large number of observers, even with observations from other observatories, with respect to the 13 observers for MM distribution. We want to highlight that in spite of the statistical difference between both distributions, the mode, median, and mean values are similar. 
Comparison between different observers during the Maunder Minimum
The average U/P for all the days in which the same sunspot was registered by one or several observers is depicted in Figure 6 . The different colors indicate the observers responsible for those observations. Five of the documents examined in this work have two observers as responsible of the same observations (see Table 1 ) and therefore, in Figure 6 , the values of the U/P are shown in the series of both authors. We can study the evolution of the U/P as the sunspot crosses the solar disk. Thus, we selected the cases where the same sunspot was observed during at least eight different days ( Figure 7 ). The most striking example was observed by G.D. Cassini from 1676
November 18 to 1676 November 30 (red line in Figure 7 ). In this case, we can see evolution of U/P from its appearance at the eastern limb to its disappearance in the west.
We can see that the value of the ratio when the sunspot is close to the solar limbs sharply increases due to foreshortening effect. In the rest of the trajectory, in general, Table 1 ).
In order to compare U/P values obtained from sunspot drawings made by several observers, we selected two cases where different observers registered the same sunspot represents the evolution of the same sunspot. Codes assigned to different historical documentary sources for this work are shown on the top (see Table 1 ). Table 1 ). The four last ratio values for blue and red lines and the last ratio value for the green line correspond to November 30.
Conclusions
We computed the U/P for 196 sunspot drawings that contain 48 different sunspots and consider a 99.9 % confidence interval, the obtained t-value (3.94) becomes close to the critical t-value (3.36). This implies that the difference between both distributions can be explained by the natural observational bias towards larger sunspots observed in the MM observations. There are other factors that can contribute to the difference: the low number of statistics in the MM distribution, the differences in the instruments employed to observe, and the large number of observers with respect to the 13 observers considered for MM distribution.
Furthermore, we have showed the evolution of the U/P for sunspots crossing the solar disk. We can observe the foreshortening effect on the measurements of several cases. A clear example of this kind is the sunspot observed by G.D. Cassini in 1676 November.
This sunspot was registered as it traversed the disk and the values of U/P increased sharply near the solar limbs. Moreover, we compared the values of U/P for the same sunspot obtained from records of different observers. In the first case, we obtained a discrepancy around 25% in the ratio value and, for the second example, we found differences between 40% and 55% for the ratio values of the three sunspots examined from the de la Hire and Cassini (son) records. Finally, in order to check our methodology, we compared the values for the U/P obtained for sunspots observed by G.D. Cassini in 1676 October and November, which are included in three different historical documentary sources. We clearly see the good agreement between the results obtained from the three sources and therefore we can conclude that our method works well.
The result obtained in this work according to the mode, median, and mean values are in agreement with the ratio obtained for other epochs (although we have found statistical differences with respect to the modern DPD distribution). We note that Vaquero et al. (2005) found a ratio equal to 0.255 according to observations made in the Kew
Observatory during the second part of the 19 th century. This value is similar to the values found by other studies that use data from the 20th century (Nicholson, 1933; Waldmeier, 1939; Jensen et al., 1955; Zwaan, 1978; Brandt et al., 1990) . Hoyt & Schatten (1997) pointed out that the rate of sunspot decay is proportional to the convective velocity indicating that higher convective velocities mean higher values for the U/P and faster sunspot decay rates. According to our result, the value of the ratio is similar to that for other epochs so the near absence of sunspots during the MM is not accompanied by changes in the U/P.
